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ductivity?

A routine test leads to an extraordinary discovery.

by Gregory R. Stewart, Zachary Fisk, Jeffrey O. Willis, and James L. Smith

ome experimental findings are so

unexpected, so outside the limits of

previous experience, that their in-

terpretation lags well behind the
facts, awaiting new insight. Our finding of
September 16, 1983, was certainly unex-
pected, but a possible interpretation was im-
mediate—and exciting. We were measuring
the low-temperature electrical resistance of a
tiny whisker of the intermetallic compound
UPt, to see how defect-free its crystal lattice
was, and, as the whisker slowly cooled, its
resistance suddenly fell to zero, a clear in-
dication of superconductivity.

What was unexpected was not the super-
conductivity per se but its occurrence in a
material we were investigating as a likely
candidate for the greatly enhanced spin fluc-
tuations characteristic of almost ferromag-
netic materials. This phenomenon reflects a
tendency toward magnetism (and hence is
often called near magnetism), and a large
body of experimental evidence supports the
view that, like ferromagnetism and supercon-

An attractive interaction between pairs
of electrons with parallel spins may
be responsible for the observed but unex-
pected superconductivity of UPt,.
(Adapted from a drawing by author
James L. Smith.)
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ductivity, substantial spin fluctuations and
superconductivity are mutually incompatible.
Not one of the thousands of known super-
conductors had exhibited convincing
evidence of enhanced spin fluctuations, nor
had any of the few known “spin fluctuators™*
exhibited superconductivity.

How, then, did we interpret what we had
seen? The idea immediately came to mind
that perhaps UPt, is a “p-state” supercon-
ductor (see “Superconductivity and Spin
Fluctuations”). This type of superfluidity,
which would not be incompatible with spin
fluctuations, had been considered twenty-odd
years ago as a generalization of the BCS
theory and had been observed a decade ago
in liquid helium-3 at millikelvin temperatures.
Many other materials had been examined as
possible p-state superconductors because of
their relatively large magnetic susceptibilities,
but all had failed a crucial test involving
extreme sensitivity of the superconducting
transition to lattice defects. Could UPt; be
the first?

Before recounting the tale of our work on
UPt,, we point out that it is but one of many
esoteric materials we investigate not only for
their inherent scientific interest but also for
their possible technological value. (Spin fluc-
tuators, for example, are related to catalysts
and hydrogen-storage media.) The materials
are drawn from the alloys and intermetallic

compounds of the elements known as the
transition elements, the lanthanides, and the
actinides. All of these elements are char-
acterized by the presence of electrons in inner
d or f shells, and the variable behavior of
such electrons is responsible, on an atomic
level, for the diversity found in the crystalline
solids containing the elements. In some cases
the electrons are localized on the ions in the
lattice; in others the electrons are itinerant,
that is, are free to move about the lattice as
do conduction electrons in metals. These
extremes of behavior can result in magnetism
and superconductivity, respectively. Of
particular interest are those materials in
which the electrons are “indecisive,” easily
pushed toward one or the other extreme.
Among these materials had been found two
of the three known spin fluctuators, not to
mention the two known “heavy-fermion”
superconductors (of which more later).

Why UPt,?

Our interest in UPt; as a possible spin
fluctuator was aroused in the fall of 1982,
when J. J. M. Franse, Universiteit Amster-
dam, sent us a collection of papers by his

*We use the term “spin fluctuator” as shorthand
for a material exhibiting enhanced spin fluctua-
tions.
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group on various magnetic and nearly mag-
netic systems. Among the papers was one by
P. H. Frings and coworkers entitled “Mag-
netic Properties of U,Pt, Compounds,”
which had been presented during the summer
at a magnetism conference in Kyoto that
none of us had been able to attend. In this
paper were data on the specific heat and
magnetic susceptibility of UPt; at temper-
atures above | kelvin. These data clearly
hinted at enhanced spin fluctuations.
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One sign of such behavior is a magnetic
susceptibility whose order of magnitude lies
approximately midway between that of a
nonmagnetic metal (~10~* electromagnetic
unit per mole) and that of a ferromagnetic
metal (~107! emu/mole). Frings et al. re-
ported a susceptibility of 0.8 x 1072
emu/mole for UPt,, a value of the right order
of magnitude and similar to those of the two
other known metallic spin fluctuators TiBe,
(discovered at Los Alamos) and UAL,.

(Liquid helium-3, the other spin fluctuator
known at the time, is nonmetallic.) Another
sign of near magnetism is an increase in the
susceptibility at some high magnetic field,
indicating the transition from near mag-
netism to magnetism. Such an increase oc-
curs for UPt,, according to Frings et al,
between 150 and 200 kilogauss. A final, sure
sign of enhanced spin fluctuations is an in-
crease, rather than a steady decrease, in the
specific heat with decreasing temperature.
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This increase follows from the presence of a
term proportional to —73In T in the elec-
tronic specific heat. Frings et al. reported an
upturn in the low-temperature specific heat of
UPt, but gave no detailed analysis of its
temperature dependence. In light of these
suggestive data, we planned a more thorough
investigation of UPt,.

We were also interested in UPt, because of
our research on the new class of materials
described in the sidebar “Heavy-Fermion

TNOS AT AMOS SCTENCE Snrine 1984

Superconductors.” The intermetallic com-
pound CeAl; was regarded as a likely mem-
ber of this class and yet showed no supercon-
ductivity. A study of UPt; might help explain
why, since UPt; and CeAl; have the same
crystal structure.

The Serendipitous Experiment

Before proceeding with our plans for UPt,,
we wanted single crystals of very high

quality. By June of '83 we had grown some
crystals in the form of tiny whiskers (see
“Single Crystals from Metal Solutions™). The
best measure of the quality of a metallic
crystal is its electrical resistance near ab-
solute zero. At such low temperatures the
resistance is due primarily to scattering of
electrons from lattice defects since scattering
from lattice vibrations is suppressed. The
resistance of the whiskers was still dropping
at 1.3 kelvins, our lowest easily obtainable
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temperature, and so we planned on further
measurements in our dilution refrigerator,
which can attain temperatures as low as 0.01
kelvin (see “Getting Close to Absolute
Zero”). But first we worked on improving
sample quality and size.

In August we cooled the UPt; in the
refrigerator but obtained no data because of
a problem with the electrical leads. Since
experiments in the refrigerator are extremely
time-consuming, we delayed another attempt
on UPt, until samples of several other ma-
terials were ready and could be cooled at the
same time.

On Friday, September 16 all the samples
were in the refrigerator and well chilled. Since
UPt; held (we thought) the least promise of
interesting results, it was the last sample to be
measured. So it was at 4:30 p.m. when we
saw the resistance of the whisker start to
plummet at 0.54 kelvin (Fig. 1). Then began a
month of intensive effort to confirm what
would be a remarkable discovery—the coex-
istence of superconductivity and enhanced
spin fluctuations.

Were We Right?

Qur first concern was whether the ob-
served zero resistance was due to UPt, itself
or to some other, undetected superconduct-
ing phase. Even if present as only a minor
constituent (say 1 percent), such a phase can
produce misleading indications of supercon-
ductivity in measurements of both resistance
and magnetic susceptibility. The simplest test
for bulk superconductivity (that is, of the
major phase) is to measure the susceptibility
of the sample as a ground powder. Grinding
breaks up any field-excluding layers formed
by a superconducting minor phase, and the
measured susceptibility more truly represents
the behavior of the major phase.

We immediately carried out this test on a
ground powder of UPt, , using an apparatus
cooled by simple evaporation of liquid
helium-3 and thus much less time-consuming
than the dilution refrigerator. By Sunday,

(%4

Fig. 1. Data obtained during the first measurement of the low-temperature electrical
resistane of a single crystal of UPt;. The abrupt disappearance of resistance, a sign of
superconductivity, was quite surprising since we regarded UPt; as a likely spin
Sluctuator.

Fig. 2. Specific heat data for unannealed UPt; whiskers at temperatures greater than
1.5 kelvins. The curve is a least-squares fit to the temperature dependence predicted for
a spin fluctuator. The extremely good fit constitutes strong evidence of enhanced spin
Sluctuations in UPtL,,
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September 18 we had some disappointing
news—the ground powder was nof supercon-
ducting down to 0.45 kelvin. More measure-
ments followed. We cooled the powder in the
dilution refrigerator but again found no in-
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dication of superconductivity, this time down
to 0.050 kelvin. We measured the specific
heat of UPt, at temperatures down to 1.5
kelvins, and the news from this front was
good. The data fitted beautifully to the

~T*In T dependence predicted for a spin
fluctuator (Fig. 2).

We now knew that UPt, was a bona fide
spin fluctuator and that the ground powder
was not a superconductor. Why, at this
point, did we persist with further, perhaps
fruitless, tests for superconductivity? We had
several reasons. One was the lack of a
reasonable suspect for a superconducting
second phase. Uranium is a superconductor,
but its presence in UPt, is not to be expected
since two other phases of the uranium-
platinum system (UPt and UPt,, neither of
which are likely superconductors) are closer
in composition to UPt,, and a second phase
is usually adjacent to the major phase in
composition. In addition, crystals in the form
of whiskers are generally free of other phases.
A second reason was the behavior of a single
crystal of UPt, prepared by Franse’s group
in a totally different way than our samples.
(Franse had sent this crystal to us earlier as
an encouragement to measure its heat
capacity in a magnetic field) We had
measured its susceptibility in the dilution
refrigerator along with that of the ground
powder and found a superconducting tran-
sition at 0.35 kelvin. This fact made the
negative result from the ground powder more
suspect than the positive result from the
whiskers. The final reason for persistence
was the chance that our initial interpretation
was correct. If UPt; was a p-state supercon-
ductor, our measurements on a ground
powder could easily be misleading since
grinding introduces defects into the lattice
that would be extremely destructive of p-state
superconductivity. (p-State superconductiv-
ity is more strongly inhibited by lattice de-
fects than is s-state superconductivity be-
cause the effective diameter of the interacting
electron pairs is greater and thus encom-
passes a greater number of defects.)

Fortified by these arguments (hopes?), we
proceeded to look for the only sure sign of
bulk superconductivity in UPt,—a large up-
ward step in its specific heat curve. A super-
conducting second phase present at a con-
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centration of less than about 5 percent (the
limit we had established by x-ray diffraction
techniques) would produce some increase,
depending on its concentration, but the in-
crease would be nowhere near that expected
if UPt, itself was a superconductor. (The
BCS theory predicts an increase of about 150
percent.)

The whiskers we could gather at the time
for the specific heat measurement amounted
to only 20 milligrams, but, fortunately, we
have developed techniques and equipment for
measuring specific heats of very small sam-
ples. We spent nine days hovering over the
refrigerator, and by Friday, September 30 the
data definitely showed a sizable discon-
tinuity. However, because of experimental
difficulties below 0.3 kelvin, there remained a
nagging uncertainty about its precise shape.

Such an important discovery deserved the
best possible data, so we decided to repeat
the heat capacity measurements, this time
using annealed whiskers. (We had learned
from susceptibility measurements in the
helium-3 apparatus that annealed whiskers
had much sharper superconducting tran-
sitions, and this increased sharpness would
be reflected in the heat capacity curve.) Since
we were running out of whiskers, we took the
unannealed ones out of the refrigerator, an-
nealed them, and had them cold again by
Monday, October 3. That weekend turn-
around was the fastest we had ever achieved.

As shown in Fig. 3, the specific heat of our
annealed single crystals of UPt, increased by
only about 50 perecent, and the transition
was quite broad (and had been even broader
for the unannealed crystals). Nevertheless, an
increase of this magnitude unequivocally
ruled out the possibility that the supercon-
ductivity was due to a minor second phase.
We now felt confident that superconductivity
and enhanced spin fluctuations coexisted in
UPt,.

During these experiments we had re-
peatedly attempted to produce better samples
and had significantly increased the size of the
crystals but not their lattice perfection. In
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Single Crystals
from Metal Solutions

material by making measurements on a single crystal rather than a

polyerystalline sample. A single crystal more accurately represents the
material (since it is free of grain boundaries at which impurities can hide) and is in fact
required for measuring the directional dependence of various properties. Yet growing
a single crystal can be exceptionally difficult, and a large number of important
experiments await the preparation of appropriate single crystals.

Numerous technigues exist for growing crystals, but finding one that works for a
particular material can be frustrating and time-consuming. A method we use quite
often in our research is growth from slowly cooled solutions of the desired material in
a molten metallic solvent. (This method is an easy extension of the observed natural
growth of single crystals from aqueous solutions.) We have used as solvents such
metals as aluminum, indium, tin, copper, bismuth, and gallium. The solvent provides a
clean environment for crystal growth, and the relatively low temperature at which
growth occurs often results in low defect concentrations. Offsetting these advantages
is the possibility that solvent atoms may appear at lattice sites and in voids of the
crystal. In addition, one must find a container that is not attacked by any component
of the solution and a chemical to remove the solvent without attacking the crystal. We
have built up a collection of workable “recipes™ and are constantly including new
“ingredients.” Still, success demands a certain flair.

When applying this technique to a new material, one unknown is always present:
the material may be one that nature simply refuses to provide as nice crystals. Also,
the appropriate phase diagram is usually lacking. Then we must rely on educated
guesses and hunches. since determining the phase diagram for a system of at least
three elements is not a job to undertake merely for exploratory work on crystal
growth.

To grow the single crystals of UPt,, we used bismuth (melting point: 280 degrees
Celsius) as the solvent. As usual, the phase diagram for the system was not available.
But we knew from published work that UPt, has a melting point of 1700 degrees
Celsius and is chemically quite stable, that reasonably large amounts of uranium and
platinum can be dissolved in bismuth at temperatures on the order of 1000 degrees
Celsius, and that compounds of both uranium and platinum with bismuth exist. But
the shapes of the uranium-bismuth and platinum-bismuth phase diagrams indicated
that these compounds are not exceptionally stable. Our guess—that UPt, would
crystallize preferentially—was correct, provided that the solution was not cooled
below about 1100 degrees Celsius (where a competing crystallization takes place). We
obtained good yields by using atomic percentages of uranium. platinum. and bismuth
in the ratio of 1:3:4 and an initial temperature of 1450 degrees Celsius. Since that
temperature is near the boiling point of bismuth, we sealed the crucible in a tantalum
can to prevent its evaporation. We used a crucible of BeO rather than the more usual
ALO, because uranium might attack Al,O, at such a high temperature.

As we improved the technique, we obtained crystals of UPt, with a length of up to 1
centimeter and a cross section of 1 millimeter by 1 millimeter. Nature shows her hand
here. The material seems always to have a needle-like habit. #

Given a free choice, any solid-state experimentalist would characterize a
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Fig. 3. Specific heat data for annealed UPt; whiskers near the temperature at which
the resistance of the whiskers fell to zero. The sizable discontinuity rules out the
possibility that a minor superconducting phase was responsible for the zero resistance.

Fig. 4. The remarkably different resistance-versus-temperature curves of UPt,, a
possible p-state superconductor, and UBe ;, a heavy-fermion superconductor. Explain-
ing this and other differences presents an interesting challenge to theory.
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fact, low-temperature resistance measure-
ments indicated that the lattice perfection
was near the limit expected for a compound
like UPt,. Therefore we felt that the accuracy
of the specific heat data could be increased
further only by better calibration of the calo-
rimeter. We ran a piece of high-purity copper
and then, as a check on the systematic errors,
ran one-half of that piece. We finished the
calibration by October 13 and had the manu-
script in the mail to Physical Review Letters
on October 18.

What Next?

We have now two new superconductors,
UPt, and UBe, (see “Heavy-Fermion Super-
conductors™), as different from each other
(Fig. 4) as they are from all other supercon-
ductors (except CeCu,Si,). Many questions
come to mind about these materials; the most
intriguing is that of p-state superconductivity.
Of the tests that have been proposed for this
phenomenon, we mention the more obvious.

One test we plan to carry out in collabora-
tion with a group at the University of Califor-
nia, Riverside, is to measure the shift of the
nuclear magnetic resonance frequency of
platinum-195 in UPt;. (A similar measure-
ment is already in progress on beryllium-9 in
UBe,,.) This “Knight shift” is due to shield-
ing of the nucleus from an applied magnetic
field by the counter magnetic field of the
conduction electrons. The predicted tempera-
ture dependence of the Knight shift in the
vicinity of the transition temperature is quite
different for s- and p-state superconductors.

A test we have already mentioned is sensi-
tivity to lattice defects. Our measurements on
the ground whiskers of UPt,, although sug-
gestive, need considerable elaboration. In
particular, we must demonstrate that the
sensitivity to magnetic defects is equal to
(rather than greater than, as is the case with
s-state superconductors) the sensitivity to
nonmagnetic defects. The difficulty with this
test is finding suitable magnetic impurities to
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incorporate into the lattices of these materials
(nonmagnetic impurities come free). Another
test is based on the fact that a “supercurrent”
would not flow through a loop containing a

junction between an s- and a p-state super- Clearly, much work remains to be done,
conductor. However, a poor junction would but the data now available at least refute the
also kill a supercurrent, and good junctions conventional wisdom of a dichotomy be-
are extremely difficult to prepare. tween superconductivity and a tendency
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toward magnetism. Granted, the two
phenomena had been found to coexist in
ErRh,B,, but in that material they originate
on different electrons. Now in UPt; spin

fluctuations and superconductivity are
known to coexist on the same electrons and
at the same temperature. These results
breathe new life into experimental and theo-

retical studies of superconductivity. Perhaps
David Pines’ interpretation is correct, and
UPt; is a metallic analogue of liquid
helium-3. W
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